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Abstract 
We report the dependence of stimulated emission phenomena on randomness in a collection of regularly arranged InGaN/GaN 
nanocolumns. By comparing the stimulated emission behavior for two samples with different degrees of randomness, we found 
that localization effects are inevitable even in the almost perfect sample, and several modes partially overlapping in space will 
compete with each other. The ultrafast dynamics of stimulated emission under femtosecond pulsed laser excitation were also 
investigated, and the emission peaks were observed to change with time. 
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1. Introduction 
In two-dimensional (2D) random dielectric systems, the combination of multiple-light scattering and optical-
interference effects induces Anderson localization of light [1]. Furthermore, the localized light can form closed loop 
paths, and lasing action may occur if a gain mechanism is introduced into the system [2]. In previous word with 2D 
samples composed of a disordered array of self-organized gallium nitride (GaN) nanocolumns [3], multiple strong 
emission peaks were detected, suggesting that we observed “random lasing” on the GaN nanocolumns [4]. 
On the other hand, in 2D periodic systems, photonic band structures are formed [5]. Lasing modes over a large 
periodic 2D area can be controlled using a multi-directional distributed feedback (DFB) mechanism [6]. However, it 
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is difficult in practice to produce perfect photonic crystal samples. In a previous paper the authors reported a clear 
relationship between the strength of light localization and the occurrence of random laser action through numerical 
calculations [7]. We report here the dependence of stimulated emission on the randomness in the periodic nanocolumn 
samples. 
The samples consisted of parallel nano-sized columnar indium gallium nitride (InGaN) crystals. Since InGaN can 
emit at wavelengths over the full visible region, this semiconductor shows promise for use in novel light-emitting 
devices. However, in the case of film samples, internal electric fields and threading dislocation are formed because of 
the crystal lattice strain, leading to degraded luminescent properties with decreased emission photon energy. On the 
other hand, it has been found that semiconductor nanocolumns show strong photoluminescence (PL) due to their high 
crystal quality [8]. In addition, these columns have nano-scale structure as an important feature. We have thus focused 
on light propagation phenomena in periodic nanocolumn samples. 
2. Samples and Experiment Setup 
Two different samples, labeled as sample-1 and sample-2, were prepared for this study. Figures 1 (a) and (b) show 
the top views of the scanning electron microscope (SEM) images of the samples. These samples consist of regularly 
arranged GaN nanocolumns produced using the selective area growth (SAG) method [9], and InGaN/GaN multiple 
quantum wells (MQWs) were integrated in the upper portions of the samples. The target thickness of the InGaN well 
layers and the GaN barrier layers in the MQWs were 3 and 12 nm, respectively. The resulting regular configuration 
is known as a photonic crystal, in which Bragg diffraction is the most dominant effect, producing photonic band 
structures and photonic lasers. Both samples seem to be neatly aligned, but they are not perfect photonic crystals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Top view SEM images for the nanocolumn arrays [(a) sample-1, (b) sample-2], and FT images 
[(c) sample-1, (d) sample-2]. 
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In order to investigate the degree of randomness of the samples, we first converted the SEM images to spatial 
images to simply the analysis of the spatial information at the single-bit level. Next, we computed the Fourier 
transform (FT) of the spatial images, and obtained FT images in wave-number space, as shown in Figs. 1 (c) and (d). 
It can be seen that the column configuration of sample-1 is somewhat imperfect, while that of sample-2 is almost 
perfect. 
We performed optical experiments using a microspectroscopy system because the area of each sample was a square 
as small as 150 μm on a side. We measured the PL from the samples at liquid nitrogen temperature, namely 77 K. The 
center photon energy of the incident pulsed laser was 3.1 eV, the pulse width was about 200 fs, and the repetition rate 
was 10 kHz. The pump pulse was focused onto the samples using a lens with a focal length of 200 mm to excite a 
wide area for investigating light propagation phenomena. The spot-size at the sample surface was about 60 μm in 
diameter. In this experiment, the objective lens of the microspectroscopy system was used to identify the precise 
position of the samples and collect the emission from the samples. 
3. Experiment Results and Discussion 
A previous study found that in periodic InGaN/GaN nanocolumn samples, strong emission peaks were observed 
under nanosecond-pulsed laser excitation [11]. The single-shot spectrum changed randomly from one pump pulse to 
another, and it was found that several sharp peaks were localized at different areas. These results are typical behavior 
for random lasing, suggesting that these sharp emissions were not coming from the photonic effect, but from random 
lasing. Since our sample does not have a completely perfect lattice, the localization effect is inevitable. In this paper, 
we report the stimulated emission dynamics observed using a femtosecond pulsed laser, and the dependence of 
stimulated emission on the randomness of the periodic samples. 
We have observed excitation-density dependence of the PL spectra from the nanocolumns, as shown in Figs. 2 (a) 
and (b). In these figures, the horizontal axes are shifted gradually to the right with increasing excitation density to 
make them more visible. As the pump power was increased, stimulated emission peaks appeared in both samples. We 
performed numerical calculations based on plane-wave expansion methods [10], and the results indicated that the 
selectivity of photon energy for light propagation phenomena is derived from the Bragg diffraction effect.  
Figures 3 (a) and (b) show the spatial distribution of the stimulation emission. The white ellipses show the beam 
waist of the excitation laser. One can see that the brightness is inhomogeneous in sample-1, while the brightness is 
almost homogeneous in sample-2. These results are consistent with the FT images in Figs. 1 (c) and (d). Spectra in 
Fig. 2 seem to indicate perfect photonic laser action from the nanocolumn ensemble. However, we found that a slight 
fluctuation of the sample configuration has a large effect on the spatial distribution of the stimulated emission. We 
presume that the stimulated emission occurs in small areas corresponding to each different photon energy in sample-
1 as discussed in Ref. [11].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Spontaneous emission and stimulated emission spectra [(a) sample-1, (b) sample-2]. 
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In order to test this presumption, we observed the spatial dependence of the stimulated emission spectra for the 
lowest threshold modes in Fig. 2. Figures 3 (c) and (d) show the stimulated emission spectra at eight different areas, 
where each spectrum is detected from an area 2.5 μm in diameter on the samples. These spectral shapes from the small 
areas are quite different from each other in sample-1, while the shapes are nearly identical among the different points 
in sample-2. These results indicate that sample-1 is apparently random lasing because of the configuration fluctuation. 
While sample-2 also shows some configuration fluctuation, it is very close to nearly perfect photonic lasing. This 
experiment verifies that slight fluctuations of the sample configuration have a large effect on the stimulated emission. 
In the case of nanosecond pulsed laser excitation, the spectral shape changes randomly because only a few modes 
can survive for the relatively long excitation time. On the other hand, the spectral line width under femtosecond pulsed 
laser excitation seems large for a single DFB mode. We postulate that the stimulated emission occurs for all the 
localization modes under the short excitation time, and many modes compete with each other under the femtosecond 
pulsed laser even in the almost perfect sample-2. 
Finally, we show time-resolved spectra of the stimulated emission on sample-2 measured using a high-speed streak 
camera in Fig. 4. This result indicates that the stimulated emission dynamics occur on an ultrafast time scale. We 
found that the photon energy of each emission peak changed slightly over time, and the amount of the shift was 
different among the three peaks. In the DFB phenomenon, the spatial pattern of the standing wave differs from one 
mode to another, thus the non-linear optical effects may vary a great deal depending on the DFB modes. With our 
high-speed streak camera, we cannot resolve this fast relaxation process because the relaxation time is less than the 
time resolution. In order to clarify this, we are planning to perform ultrafast time-resolved measurements, using the 
Kerr-gate method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Spatial distribution of stimulated emission [(a) sample-1, (b) sample-2], and spatial dependence 
of stimulated emission spectra over areas with a diameter of 2.5μm [(c) sample-1, (d) sample-2] at 6.5 
GW/cm2. 
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4. Conclusion 
We have observed the randomness dependence of stimulated emission phenomena in regularly-arranged 
InGaN/GaN nanocolumns. We estimated the randomness of the sample configurations by computing the Fourier 
transform of the spatial images of the samples, and compared the stimulated emission behavior for two samples with 
different degrees of randomness. This work showed that several modes are present in different areas of an imperfect 
sample, and a distributed feedback effect is prominently visible in the almost perfect sample. However, we found that 
several modes which partially overlapped in the same space appeared to compete with each other, even in the almost 
perfect sample. These results indicate that localization effects are inevitable in any sample because there is no such 
thing as a perfect lattice. We also investigated the ultrafast time response of stimulated emission under femtosecond 
pulsed laser excitation. We observed that the emission peaks changed with time, and that the shift amounts differed 
from each other because the several modes present had diverse spatial patterns. 
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Fig. 4.  Time-resolved spectra of stimulated emission on sample-2 at 6.5 GW/cm2. 
